Abstract: Ground water samples from residential homes in three Regions of Ghana: Central, Greater Accra and Ashanti, were analyzed for iron and manganese contamination. The samples were exposed to characterized zeolite Y by X-ray diffraction, scanning electron microscopy, energy dispersive X-ray spectroscopy, Fourier transformed-infrared spectroscopy and thermos gravimetric-differential thermal analysis. Zeolite Y is able to remove 98% of iron and 97% of manganese within an hour. The adsorption of both iron and manganese followed the Freundlich model, suggesting that the ions were transported onto the zeolite Y surface and subsequently diffused into the zeolite Y framework. The kinetic studies showed that pseudo-first order and intra particle and film diffusion models provided the best fit. The adsorption at 0.2 mg L −1 Fe (Q 0.2 ) is calculated to be 0.023 mg g −1 for the Freundlich adsorption model, whilst that of manganese at 0.05 mg L −1 Mn (Q 0.05 ) is evaluated to be 0.015 mg g −1 . The zeolite retains its adsorption properties when retrieved from the first exposure water sample, washed copiously with distilled water and added to fresh water samples. The results suggest that zeolite Y can be used as a potential adsorbent for the removal of iron and manganese from groundwater.
Introduction
Iron and manganese occur in dissolved forms as single ions (Fe 2+ , Mn 2+ ) or in undissolved higher forms mainly as Fe(II) or Mn(II), respectively [1] . Both metals are common elements found in the earth's crust [2] , and are two of the most common pollutants found in both surface and groundwater, but predominantly in the latter [3, 4] , reaching the ground water by the rain, surface and waste water filtration dissolving minerals from soil strata. The Fe(II) and Mn(II) ions pollution in groundwater may interact with the sediment and with other dissolved constituents, such as inorganic anions, or dissolved organic carbon (DOC), present as a humic-like material [4] . These interactions lead to complex formations and to potential solid precipitation. Iron may also be present as a result of the use of the iron coagulants of the corrosion of steel and cast iron pipes during ground water extraction and distribution [5, 6] . Both elements can be commonly found in natural water in concentrations up to 1.0 mg L −1 , although they are rarely present in concentrations exceeding 1.0 mg L −1 [3, 4] .
Method

Synthesis of Zeolite Y
20 g of the powdered bauxite was digested in a 200 mL sodium hydroxide solution at 2 M concentration. The slurry was stirred until it was homogenized and heated at 130 • C for 5 h in an electrical oven, after which the solution was filtered off the red mud, and stored in polypropylene containers. In addition, 40 g of sodium hydroxide was dry-mixed with 30 g of kaolin and calcined at 600 • C for 2 h to obtain sodium metakaolinite, after which the mixture was allowed to cool to room temperature, and then added to 500 mL of distilled water. The mixture was stirred for 30 min until a homogeneous slurry was obtained. A 100 mL portion of the bauxite filtrate was added to the slurry and the mixture was stirred for 1 h, whereby they were homogenized. The slurry was then transferred into 1 L Teflon ® (Polytetrafluoroethylene-PTFE, Cowie Technology, Middlesbrough, UK) bottles, and heated in an electric oven for 5 h for the zeolite crystals to precipitate. At the end of the 5 h, the Teflon ® bottles were removed from the oven, quenched in running tap water and cooled to room temperature, after which they were filtered off and washed copiously with distilled water. Zeolite crystals were dried overnight in an electric oven at 100 • C, crushed into fine powder and stored in zip lock plastic containers.
Characterization of Zeolite Y
All characterizations were carried out at the Faculty of Science and Engineering, University of Wolverhampton, United Kingdom. A PANalytical Empyrean Powder X-ray diffractometer (PANalytical, Malvern, UK) was used to collect data using Bragg-Brentano geometry and a slit configuration of a degree fixed divergence slit of 0.25 • .
Using a ZEISS EVO50 scanning electron microscope equipped with Energy Dispersive X-ray analyzer (EDX), the morphology of the starting materials and the as-synthesized zeolites, as well as their chemical compositions, were determined by a Zeiss EVO 500 (Zeiss, Cambridge, UK). Bauxite, kaolin and zeolite powder samples were dry sprayed onto aluminum stubs using double-sided adhesive carbon discs. They were then coated with gold to decrease static charging during their observation under SEM conditions.
The vibrational properties as well as the chemical bonds present in the samples were analyzed with a Mattson Fourier transformed-infrared (FT-IR) spectrometer (Mattson Instruments, Milton Keynes, UK) equipped with the ZnSe crystal plate attached to the spectrometer with a mercury cadmium telluride. The (MCTA) detector and KBr as a beam splitter was used to analyze the samples. Measurements were done using 100 scans at 4 cm −1 resolution, units of log (1/R) (absorbance), over the mid-IR region of 1200-400 cm −1 .
Groundwater Sampling
All samples were collected using the clean sampling procedures specified by the Ghana Standard Authority. Water samples were collected from boreholes directly from the ground before entering the main pipe. Physicochemical characteristics such pH, turbidity, and conductivity were measured at the well site with a Hydrolab H 2 O connected in-line through a flow through cell. Before a ground-water sample was collected for laboratory analysis, wells were purged for a period of at least 20 min until the above field characteristics had stabilized. Stability was determined on the basis of the following criteria: A specific conductance variation less than 2 µS/cm, a pH variation less than 0.05 pH units, a dissolved oxygen variation less than 0.05 mg L −1 , and a temperature variation of less than 1 • C. Alkalinity titrations were performed on filtered samples in the field. All wells were sampled for an analysis of major cations, major anions, nutrients, and arsenic. A complete list of laboratory analyses is included in Table 1 . The samples were acidified with 0.1 M HNO 3 to a pH of 6.5 (slightly acidic), and stored in refrigerator in a dark room to prevent any partial oxidation of the iron and manganese in the water. Hence, fairly constant initial concentrations were maintained throughout the period of the analysis.
Continuous Retrieval and Re-Use of Zeolite Y
The extent to which zeolite Y persisted in its adsorption activity was investigated according to the method given by Kwakye-Awuah et al. [24, 25] with some modifications. Starting with the water samples from Cape Coast, 3 g of zeolite Y was added to 300 mL of sample in conical flasks and shaken on an orbital shaker for 120 min after which the zeolite was filtered, washed copiously with distilled water and air-dried in a fume cupboard and finally oven dried at 50 • C in an electric oven for 3 h. 2.0 g of the retrieved zeolite was added to 200 mL of the fresh water sample and the procedure was repeated. In the third successive reuse of the zeolite, 1.0 g of the zeolite was added to 100 mL of fresh water in order to maintain constant zeolite, and water volume ratio, and adsorption activity was investigated as before. The entire procedure was repeated for water samples from Ashesi and Kumasi.
Chemical Analysis and Batch Adsorption Experiment
The manganese and iron concentrations were determined using Atomic Absorption Spectrophotometer (AAS) (Perkin Elmer, Beaconsfield, UK) and results were expressed as mgFeL −1 or mgMnL −1 . The solution pH was determined using a pH meter (Hannah Instruments, Buzzard, UK). Batch ion-exchange experiments were carried out in seven 250 mL conical flasks. Starting with the Cape Coast sample, 100 mL portion of water sample were placed in each conical flask and 1.0, 2.0, 2.5, 3.0, 3.0, 4.0 and 4.5 g of zeolite Y added. The flasks were then placed on an orbital shaker at 25 • C, at a constant agitation of 50 rpm. Supernatant was collected and filtered through a Whatman filter paper number 1 before chemical analysis to remove zeolite particles that may be present in the supernatant. The pH was measured for each sampling time thrice, and the average pH was evaluated.
Kinetic Studies
The kinetic studies of Fe and Mn onto zeolite Y were conducted using the same procedure during 120 min. However, aliquot samples were taken at 0, 10, 20, 30, 40, 60, 90 and 120 min respectively. Supernatant aliquots were filtered through an 8 mL filter before chemical analysis. The pH was measured for each sampling time thrice, and the average pH was then evaluated.
Theoretical Model Equations
The adsorption Q e of Fe and Mn by zeolite Y was evaluated by the use of Equation (1) .
where C o is the initial iron or manganese concentration (mg Fe 2+ L −1 or mg Mn 2+ L −1 ), C e is the final concentration (mg Fe L −1 or mg Mn L −1 ), V is the batch volume (L) and m is the adsorbent mass (g).
Having characterized water samples from all three locations and confirmed identical drinking water parameters, the adsorption studies were performed on samples from Ashesi only, since the mechanism of adsorption of the samples from the Cape Coast and Kumasi were not likely to be different from that of Ashesi. Determination of the adsorption capacity at various equilibrium concentrations C e (time contact long enough) was performed by obtaining the experimental adsorption isotherm, commonly described by the Langmuir and/or Freundlich models. These models are given, respectively, by Equations (2) and (3):
The linearized form of Equations (2) and (3) are given as: The kinetics of the Fe and Mn adsorption were evaluated by applying four different models: (1) The pseudo-first-order kinetic model; (2) pseudo-second-order kinetic model; (3) intra-particle diffusion model and; (4) the liquid film diffusion model. The Lagergren pseudo-first-order kinetic model for the adsorption of a liquid/solid system is based on solid uptake capacity. This model assumes that the rate of uptake with time is directly proportional to the difference in the saturation concentration and the amount (cumulative) of solute uptake with time. The general equation is expressed as [26] :
where Q e and Q t are the amounts of metal ions (Fe 2+ or Mn 2+ ) adsorbed (mg g −1 ) at equilibrium and at time t, respectively, and K 1 is the Lagergren pseudo-first order adsorption rate constant (min −1 ). Integrating Equation (6) for the boundary condition t = 0 to t = t and Q = 0 to Q = Q t , the linear form of the equation becomes:
The pseudo-second-order kinetic model is based on the amount of adsorbate on the adsorbent. If the rate of adsorption is a second order mechanism, the pseudo-second-order chemisorption kinetics rate equation is expressed as:
where K 2 is the second-order adsorption rate constant (g mg −1 min −1 ). Integrating Equation (8) between the same limits, the linear form of the equation is given by [26] :
Metal ions are transported from aqueous phase to the surface of the adsorbent and subsequently they can diffuse into the interior of the particles if they are porous. The intra-particle diffusion is governed by Equation (6) , where K i is the intra-particle diffusion rate constant (g mg −1 min 1/2 ):
In a situation where the transport of the adsorbate from the liquid phase up to the solid phase boundary plays the most significant role in adsorption, the liquid film diffusion model, Equation (11) , may be applied [27] :
where F is the fractional attainment of equilibrium (F = Q t /Q e ) and K f d is the adsorption rate constant which is dependent on the adsorbent. A linear plot of ln(1 − F) versus t with zero intercept would suggest that the kinetics of the adsorption process is controlled by diffusion through the liquid film surrounding the solid adsorbent.
Results
Characterization of Zeolite Y
The diffractogram of the zeolite Y sample is shown in Figure 1 . Rietvield analysis conducted on the sample showed that the dominant phases were sodium zeolite Y and hydrosodalite. Hydrosodalite is a dense super cage structure that transformed to a zeolite phase upon further crystallization. Simplified spectrum is shown in the inset.
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This study showed that zeolite Y contained a complement of exchangeable sodium, potassium, and calcium ions. The zeolite contained a high percentage of Si, followed by Al, and Na as shown in Figure 3 . Table 1 below. The bands occurred at wavenumbers well within that of synthesized zeolite Y produced from chemical reagents as given by our previous works [25, 26] and Mozgawa [27] .
The Fourier transformed infrared spectrum obtained is presented in Figure 4 . The position of the peaks formed depicts clearly that the dominant phase was zeolite Y. Bands were formed at the following wave numbers: 1624 cm , 947 cm (very strong), 743 cm (weak shoulder), 665 cm and 557 cm (moderate) and 444 cm (strong). According to Mozgawa [27] and Kwakye-Awuah et al. [28] , the very strong band formed at 947 cm is attributed to the overlap of the asymmetric vibrations of the Si-O (bridging) and Si-O− (non-bridging) bonds. The symmetric stretching due to the internal vibrations of the zeolite Y framework tetrahedra occurred at 665 cm with a weak shoulder at 743 cm, whilst vibrations associated with the double six rings (D6R) that connect the sodalite cages occurred at 557 cm. The band at 444 cm is assigned to the internal vibrations due to the bending of the T-O tetrahedral [27] [28] [29] . Thermos gravimetric analysis of zeolite Y ( Figure 5 ) showed that weight losses were most apparent at 200 °C and 500 °C. The losses at 200 °C are most attributed to an evaporation of water molecules within the zeolite framework, whilst those losses at 500 °C are mostly attibuted to the escape of CO2 or the evaporation of water molecules within the hydrosodalite cavity. Table 1 below. The bands occurred at wavenumbers well within that of synthesized zeolite Y produced from chemical reagents as given by our previous works [25, 26] and Mozgawa [27] .
The Fourier transformed infrared spectrum obtained is presented in Figure 4 . The position of the peaks formed depicts clearly that the dominant phase was zeolite Y. Bands were formed at the following wave numbers: 1624 cm, 947 cm (very strong), 743 cm (weak shoulder), 665 cm and 557 cm (moderate) and 444 cm (strong). According to Mozgawa [27] and Kwakye-Awuah et al. [28] , the very strong band formed at 947 cm is attributed to the overlap of the asymmetric vibrations of the Si-O (bridging) and Si-O− (non-bridging) bonds. The symmetric stretching due to the internal vibrations of the zeolite Y framework tetrahedra occurred at 665 cm with a weak shoulder at 743 cm, whilst vibrations associated with the double six rings (D6R) that connect the sodalite cages occurred at 557 cm. The band at 444 cm is assigned to the internal vibrations due to the bending of the T-O tetrahedral [27] [28] [29] . Thermos gravimetric analysis of zeolite Y ( Figure 5 ) showed that weight losses were most apparent at 200 • C and 500 • C. The losses at 200 • C are most attributed to an evaporation of water molecules within the zeolite framework, whilst those losses at 500 • C are mostly attibuted to the escape of CO 2 or the evaporation of water molecules within the hydrosodalite cavity. 
Characterization of Water Samples
Each sample was first characterized according to Standards, approved by the World Health Organization (WHO) and adopted by the Ghana Standard Authority. The standard values of drinking water parameters given by the Ghana Standard Authority. A summary of the characterized raw water samples collected from Cape Coast, Ashesi and Kumasi are presented in Table 2 . 
The initial Fe concentrations in the water samples were 1.15, 1.12 and 1.01 mg L −1 for Cape Coast, Ashesi and Kumasi, respectively, whilst that of the manganese were 1.61, 1.54 and 1.35 mg L −1 for Cape Coast, Ashesi and Kumasi, respectively. The pH values were 6.6 ± 0.1, 6.5 ± 0.1 and 6.88 ± 0.1 for Cape Coast, Ashesi and Kumasi, respectively. The limits set by the WHO for iron and manganese are 0.3 and 0.05 mg L −1 , respectively. The Ghana Standards however, are set at 0.3 and 0.2 mg L −1 . Thus, the target removal levels are 85% for Fe and 97% for Mn for WHO and 85% for Fe and 87.6% for the Ghana standard. All experiments were performed in batch mode at ambient conditions (25 • C). Other water parameters were below the detection limit of the AAS instrument. After exposure to zeolite Y, the pH of all samples were within the WHO and Ghana Standard acceptable range. Some physical parameters, such as conductivity, total dissolved solids, calcium and magnesium concentration were improved after exposure of samples to zeolite Y. Furthermore, iron and manganese were found to have been removed well within the WHO and Ghana Standard Authority required limits. Removal efficiencies of iron were 98.26%, 98.21% and 97.03% for water samples from Cape Coast, Ashesi and Kumasi, respectively, whereas the removal efficiencies of 97.5%, 97.40% and 97.80% were obtained for manganese at Cape Coast, Ashesi and Kumasi, respectively. When the zeolite was retrieved from the samples and added to fresh water samples, the removal efficiencies of iron were 98.28%, 97.37% and 98.18% for samples from Cape Coast, Ashesi and Kumasi, respectively, whilst for manganese the efficiency was 97.50% and 98.03% and 97.81% for Cape Coast, Ashesi and Kumasi, respectively. Finally, upon the second retrieval, removals of 98.33%, 97.37% and 98.02% were obtained for iron and 97.52%, 98.05% and 97.78% were obtained for manganese as shown in Table 3 . Thus the zeolite retained its removal efficiency after three repeated reuse. Table 3 . Removal efficiency of zeolite Y on iron and manganese in underground water samples. The amount of zeolite Y used were 3 g per 300 mL water sample for first exposure, 2 g per 200 mL water sample for first retrieval, and 1 g per 100 mL water sample for the second retrieval. 
Activity
Adsorption Studies
The adsorption of zeolite Y was found to be dependent on the mass of the zeolite used. Increasing the mass of zeolite increased the adsorption of both the iron and manganese, resulting in a fairly constant decrease in the equilibrium concentration ( Figure 6 ). Adsorption of iron and manganese increased steadily up to 60 min. Thereafter, the rate was almost negligible. This trend of removal may be attributed to the rapid utilization of readily available adsorbing sites in the zeolite resulting in the fast diffusion. The successful zeolite retrieval and reuse (Table 3) , however, implies that the zeolite did not reach its saturation. Hence, equilibrium was not attained. 
The adsorption of zeolite Y was found to be dependent on the mass of the zeolite used. Increasing the mass of zeolite increased the adsorption of both the iron and manganese, resulting in a fairly constant decrease in the equilibrium concentration ( Figure 6 ). Adsorption of iron and manganese increased steadily up to 60 min. Thereafter, the rate was almost negligible. This trend of removal may be attributed to the rapid utilization of readily available adsorbing sites in the zeolite resulting in the fast diffusion. The successful zeolite retrieval and reuse (Table 3) , however, implies that the zeolite did not reach its saturation. Hence, equilibrium was not attained. Beyond 60 min the increased in adsorption did not show a sharp increase, indicating that the zeolite was approaching equilibrium concentrations. However, the successive efficiency obtained for the three retrievals (Table 4) is attributed to the fact that the used Zeolite Y sample did not reach the adsorption capacity at the corresponding equilibrium. Beyond 60 min the increased in adsorption did not show a sharp increase, indicating that the zeolite was approaching equilibrium concentrations. However, the successive efficiency obtained for the three retrievals (Table 4) is attributed to the fact that the used Zeolite Y sample did not reach the adsorption capacity at the corresponding equilibrium. Adsorption isotherms for Langmuir and Freundlich models for iron and manganese are shown in Figures 8 and 9 . The values derived from the Langmuir fitting was 0.626 for iron and 0.664 for manganese, whereas values of 0.979 and 0.981 were obtained from the Freundlich model for iron and manganese, respectively. The adsorption isotherm becomes favorable for 1/n < 1 (or n > 1), unfavorable for 1/n > 1 (or <1) and linear for n = 1. The values of 1/n obtained for Fe(II) and Mn(II) were 0.0645 and 0.1246. Thus the adsorption of both Fe(II) and Mn(II) appears to follow the Freundlich model, and not the Langmuir model. Adsorption isotherms for Langmuir and Freundlich models for iron and manganese are shown in Figures 8 and 9 . The R 2 values derived from the Langmuir fitting was 0.626 for iron and 0.664 for manganese, whereas values of 0.979 and 0.981 were obtained from the Freundlich model for iron and manganese, respectively. The adsorption isotherm becomes favorable for 1/n < 1 (or n > 1), unfavorable for 1/n > 1 (or <1) and linear for n = 1. The values of 1/n obtained for Fe(II) and Mn(II) were 0.0645 and 0.1246. Thus the adsorption of both Fe(II) and Mn(II) appears to follow the Freundlich model, and not the Langmuir model. 
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Discussion
The plot of adsorption capacity versus time showed that the kinetics of the Fe and Mn adsorption onto adsorbent consisted of two phases: An initial rapid adsorption phase that continued for at least 60 min, and subsequently a very slow second sorption phase, with small contributions to the total Fe and Mn adsorption uptake, while after 60 min the change of adsorption capacities for both Fe and 
The plot of adsorption capacity versus time showed that the kinetics of the Fe and Mn adsorption onto adsorbent consisted of two phases: An initial rapid adsorption phase that continued for at least 60 min, and subsequently a very slow second sorption phase, with small contributions to the total Fe and Mn adsorption uptake, while after 60 min the change of adsorption capacities for both Fe and Mn did not show a sharp increase. The first phase can be attributed to either intra-particle diffusion or mass transfer from the bulk liquid to the particle external surface, since the suspension was vigorously agitated during the adsorption experiments. As more of Fe and Mn are adsorbed onto the zeolite sorption sites, the zeolite becomes saturated, thereby decreasing the sorption capacity. In this respect, Saha et al. [30] explained that at low metal concentrations metals are mainly sorbed onto specific sorption sites, while at higher metal concentrations the sorption sites overlap, becoming thus less specific for a particular metal. This in turn, induces a reduction in metal sorption. Consequently, less favorable sites were involved in the sorption process as Fe(II) and Mn(II) saturate the action sorption sites in the aqueous solution. The mechanism of the sorption of Fe and Mn is attributed to both the ion exchange and adsorption processes. During the ion exchange process, Fe and Mn move through the pores of the zeolite mass, but also through channels of the lattice, replacing exchangeable cations (mainly sodium, potassium and calcium).
The Langmuir parameter Q max represents the monolayer saturation whilst the Freundlich parameter n indicates the binding affinity for [31] , Guozinis et al. [32] , Farag et al. [33] , Yuvuz et al. [34] , Wei-Wei et al. [35] and Araby et al. [36] .
From Table 5 it can also be found that the calculated Q e = (0.221mg g −1 ) for Fe(II) for the pseudo-first order reaction were on a par with the experimental Q e value (0.220 mg g −1 ) for the observed process. However, there were considerable differences for Mn(II) between the calculated value (0.250 mg g −1 ) and the experimental (0.282 mg g −1 ) value. Unlike the pseudo first-order equation considerable differences were observed between calculated Q e values for Fe(II) and Mn(II) and the experimental Q e . The values of the first and second reaction rate constants K 1 , K 2 obtained from sorption kinetic models were used to correlate the experimental data on zeolite Y. It is worthy to note that the pseudo-first reaction constant has a higher value for the sorption kinetic of iron and manganese than those obtained from pseudo-second order kinetics. Furthermore, the R 2 values obtained indicate a better correlation for pseudo-first order ( Figure 10 ) compared with pseudo-second order (Figure 11 ) kinetics. Hence, these values mean that the sorption followed first-order kinetics. Mn did not show a sharp increase. The first phase can be attributed to either intra-particle diffusion or mass transfer from the bulk liquid to the particle external surface, since the suspension was vigorously agitated during the adsorption experiments. As more of Fe and Mn are adsorbed onto the zeolite sorption sites, the zeolite becomes saturated, thereby decreasing the sorption capacity. In this respect, Saha et al. [30] explained that at low metal concentrations metals are mainly sorbed onto specific sorption sites, while at higher metal concentrations the sorption sites overlap, becoming thus less specific for a particular metal. This in turn, induces a reduction in metal sorption. Consequently, less favorable sites were involved in the sorption process as Fe(II) and Mn(II) saturate the action sorption sites in the aqueous solution. The mechanism of the sorption of Fe and Mn is attributed to both the ion exchange and adsorption processes. During the ion exchange process, Fe and Mn move through the pores of the zeolite mass, but also through channels of the lattice, replacing exchangeable cations (mainly sodium, potassium and calcium). , Guozinis et al. [32] , Farag et al. [33] , Yuvuz et al. [34] , Wei-Wei et al. [35] and Araby et al. [36] . From Table 5 it can also be found that the calculated Qe = (0.221mg g ) for Fe(II) for the pseudofirst order reaction were on a par with the experimental Qe value (0.220 mg g −1 ) for the observed process. However, there were considerable differences for Mn(II) between the calculated value (0.250 mg g −1 ) and the experimental (0.282 mg g −1 ) value. Unlike the pseudo first-order equation considerable differences were observed between calculated Qe values for Fe(II) and Mn(II) and the experimental Qe. The values of the first and second reaction rate constants K1, K2 obtained from sorption kinetic models were used to correlate the experimental data on zeolite Y. It is worthy to note that the pseudo-first reaction constant has a higher value for the sorption kinetic of iron and manganese than those obtained from pseudo-second order kinetics. Furthermore, the R 2 values obtained indicate a better correlation for pseudo-first order ( Figure 10 ) compared with pseudosecond order (Figure 11 ) kinetics. Hence, these values mean that the sorption followed first-order kinetics. 
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The initial linear portion in the plot Fe and Mn adsorbed versus t 1/2 ( Figure 12 ) corresponds to the intra-particle diffusion process and the plateau to the equilibrium state. The values of Ki (=0.009 mg g min ) for Fe(II) and (0.012 mg g min ) for Mn(II) are equal to the slope of the intraparticle diffusion line. The fact that intra-particle diffusion curves did not cross the origin of the axes is indicative of the rapid adsorption of Fe(II) and Mn(II) onto the exterior surface of the adsorbent. However, the negative value of the intercept may be attributed to the fact that the surface of the zeolite did not slow down the rate of adsorption. Hence, the intra-particle diffusion was not the rate determining step in the adsorption process. Thus it was clear that from the intra particle diffusion plots shown in Figure 12 that the adsorption processes followed two steps: The first linear portion followed the boundary layer diffusion followed by another linear portion which represents the liquid film diffusion (Figure 13 ). This shows that the adsorption processes were not only by intra particle diffusion but the film diffusion also played a role in both the observed processes [35, 36] . When intra particle diffusion alone is the rate limiting step, then the plot of Q t versus t 1/2 passes through the origin. When film diffusion is also taking place then the intercept is C, which gives an idea of the thickness of the boundary layer.
The initial linear portion in the plot Fe and Mn adsorbed versus t 1/2 ( Figure 12 ) corresponds to the intra-particle diffusion process and the plateau to the equilibrium state. The values of K i (=0.009 mg g −1 min 2 ) for Mn(II) are equal to the slope of the intra-particle diffusion line. The fact that intra-particle diffusion curves did not cross the origin of the axes is indicative of the rapid adsorption of Fe(II) and Mn(II) onto the exterior surface of the adsorbent. However, the negative value of the intercept may be attributed to the fact that the surface of the zeolite did not slow down the rate of adsorption. Hence, the intra-particle diffusion was not the rate determining step in the adsorption process. Thus it was clear that from the intra particle diffusion plots shown in Figure 12 that the adsorption processes followed two steps: The first linear portion followed the boundary layer diffusion followed by another linear portion which represents the liquid film diffusion (Figure 13 ). This shows that the adsorption processes were not only by intra particle diffusion but the film diffusion also played a role in both the observed processes [35, 36] . It is well established that the addition of zeolites to drinking water results in complex pH variations where ion exchange is accompanied by a variety of hydrolytic side reactions resulting in additional hydronium ion exchange as well as the precipitation of metal hydroxides [37] [38] [39] . As shown in Figure 14 , the pH immediately increased upon an addition of the zeolite to reach a maximum after 5 min and then slowly to attain a fairly weak neutral (pH = 7.3-7.4). The immediate pH increase after the addition of Na-Y can be attributed to a hydrolysis of the zeolite [37, 38] .
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+ Na + +OH It is well established that the addition of zeolites to drinking water results in complex pH variations where ion exchange is accompanied by a variety of hydrolytic side reactions resulting in additional hydronium ion exchange as well as the precipitation of metal hydroxides [37] [38] [39] . As shown in Figure 14 , the pH immediately increased upon an addition of the zeolite to reach a maximum after 5 min and then slowly to attain a fairly weak neutral (pH = 7.3-7.4). The immediate pH increase after the addition of Na-Y can be attributed to a hydrolysis of the zeolite [37, 38] .
+ Na + +OH It is well established that the addition of zeolites to drinking water results in complex pH variations where ion exchange is accompanied by a variety of hydrolytic side reactions resulting in additional hydronium ion exchange as well as the precipitation of metal hydroxides [37] [38] [39] . As shown in Figure 14 , the pH immediately increased upon an addition of the zeolite to reach a maximum after 5 min and then slowly to attain a fairly weak neutral (pH = 7.3-7.4). The immediate pH increase after the addition of Na-Y can be attributed to a hydrolysis of the zeolite [37, 38] . The indigenous zeolitic sodium cations were partially exchanged by hydronium ions forming free hydroxide. The hydroxide formed is responsible for the pH increase of the solution. The addition of Na-Y to the water samples was also accompanied by an immediate increase in pH to a maximum value of 7.4 that then maintained to a constant value of 7.3 due to a partial dissolution of the zeolite in the alkaline solution accompanied by a consumption of hydroxide ions [32, 40] . The increase in solution pH can be attributed to an uptake of the hydroxide ions originating from the hydrolysis of the zeolite [40, 41] . Similar reaction sequences can be attributed to the removal of manganese ions from the water samples. However, since the maximum adsorption of Fe(II) and Mn(II) was achieved at a pH just below 7 (slightly acidic), it is safe to say that the removal of Fe(II) and Mn(II) were due to adsorption rather than to dissolution.
It has been reported that in general, manganese removal is higher than Mn for clinoptilolite, a natural zeolite [34, 42] . Overall, Fe and Mn removal levels are 22-90% and 61-100% for clinoptilolite. These removal levels are comparable to the ones obtained by zeolite Y as shown in this work for the simultaneous iron and manganese removal from water samples. For instance, in a treatment of iron and manganese in simulated groundwater via ozone technology, at an ozone dose of 1.25 mg L −1 and an initial iron concentration of 2.6 mg L −1 and a manganese concentration of 1 mg L −1 , more than 90% of iron was removed, while just only 15% of manganese was eliminated at the same conditions. Increasing the ozone concentration to about 3 mg L −1 improved the removal of iron to more than 96% while about 83% of manganese was removed [43] .
In another case, the biological removal of Fe (II) and Mn (II) from drilled well water in a biological treatment continuous flow unit in China, resulted in a 99% removal of Fe and 35-75% for Mn, under an initial concentration of 3-8 mg L −1 for Fe and 2 mg L −1 for Mn [35, 38] . In this work both Fe(II) and Mn(II) were equally removed from the potable ground water.
Conclusions
Zeolite Y was successfully synthesized with bauxite and kaolin as source materials. Groundwater samples used in this study showed that iron and manganese were present at levels higher than the Ghana Standard Authority and WHO recommended levels. The removal of iron and manganese from potable water by zeolite Y was thoroughly investigated and found to remove both species without considerable alteration of the water profile. The zeolite retained its removal efficiency after two successive instances of retrieval and re-use. The mechanism of adsorption was mainly pseudo-first order with intra particle diffusion occurring within the zeolite framework. The The indigenous zeolitic sodium cations were partially exchanged by hydronium ions forming free hydroxide. The hydroxide formed is responsible for the pH increase of the solution. The addition of Na-Y to the water samples was also accompanied by an immediate increase in pH to a maximum value of 7.4 that then maintained to a constant value of 7.3 due to a partial dissolution of the zeolite in the alkaline solution accompanied by a consumption of hydroxide ions [32, 40] . The increase in solution pH can be attributed to an uptake of the hydroxide ions originating from the hydrolysis of the zeolite [40, 41] . Similar reaction sequences can be attributed to the removal of manganese ions from the water samples. However, since the maximum adsorption of Fe(II) and Mn(II) was achieved at a pH just below 7 (slightly acidic), it is safe to say that the removal of Fe(II) and Mn(II) were due to adsorption rather than to dissolution.
Zeolite Y was successfully synthesized with bauxite and kaolin as source materials. Groundwater samples used in this study showed that iron and manganese were present at levels higher than the Ghana Standard Authority and WHO recommended levels. The removal of iron and manganese from potable water by zeolite Y was thoroughly investigated and found to remove both species without considerable alteration of the water profile. The zeolite retained its removal efficiency after two successive instances of retrieval and re-use. The mechanism of adsorption was mainly pseudo-first order with intra particle diffusion occurring within the zeolite framework. The adsorption isotherm studies were more favorable to the Freundlich model. The zeolite Y can be said to present a high potential in its use as an adsorbent for heavy metal removal and for potable water treatment. Pseudo-first order rate constant K 2 = Pseudo-second order rate constant K i = Intra-particle diffusion constant
